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Py Richard P. Krebs 

SUKklRT 

An electronic elreult for Instantaneously indicating angular 
velocity and acceleration, both positive and ric.?-tlve, of rotating 
mousse is described) readings are taken on electrical indicating 
meters.   The circuit may be used in applications where s.i:,ier. 
changes In acceleration are not encountered.   The Instrument has 
the advantnrs <>f putting almost no drac on tho rotating member. 

Ihn indicator is described In trrnc of i«;nenl application. 
A circuit  liajraa, calibration curves, and a mathematical analysis 
of the differentiating circuit arc included.   An example showing' 
use of the indicator with the four-ball «ear top in included to 
illustrate a specific application.   In this application, the error 
in the roprortiicicility uf the iniications T~IB lese than 5 percent. 

IHTROruCTIOtJ 

A procra-i invol in • « rrent nurahir of lubrication t ;sts with 
a modified Shell Development Gomp?»ny fo-ir-baP. «ar top suggested 
tijo aeed for a stapler ml quicker method of obtaining data fron 
the machine than that provided by the manufacturer,   tu the four- 
ball »ear to; 'he lul-ri 'ant in t'it-xi '•>>• ol-naivin-» the angular 
velocity and deceit-r-ti JP of a loading W.-ht clpiwl <i<im by fric- 
tiua-il force« Lote••< :i four balls labri.atsrt by t->. oil under teat. 
Baferencta 1 aod 2 .riv- descriptions of tasts iifch *-he jo-ir-fiall 
wuar top*    (£J-  fir;. 1 for factional vi'.v» nl <hn rweiilnu.)   In the 
tvtufactnrer*B method the »x.f»slar vloeitv ar.-| <\2C<-.V r U .n "»^ra 
determined by counting +h-  eye!•••> of •> diiwt inkln-- oscillograph 
ami by niottin> a curve of antatl-ir velocity as a function of »Jar. 
Frura thlt eurvu toe slop«.« «tor* ^awir.'i to  •l---> the an-'-ilar aec.jl- 
eration. 

An «1 ctror.io indicator w*s •;•;»• lo; *i at *J»<* Aircraft engine 
foeearea laboratory of tfoi : k'J. trm !• hrunry to 9ent*sbc-r IJhi 
tiiat jgrttatlr reduce» lAd tlau and effort ruquirud to obtain torn. 
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data. It can be used to show the average frequency cf a series of 
nearly evenly spaced electrical impulses, «he mean frequency of 
which does not exceed 1% cycles per second. The circuit is so 
designed that it is not affected by moderate changer in the riagni- 
tude and shape of the pulses. If the frequency approximates a 
predeacrlbed function of time, the indicator will also show the' 
magnitude of the time derivative of frequency. 

Because the indicntor is not restricted in its use, It is 
herein deecri'ied in terms of general application. An example 
showing operation of the indicator with the four-ball near top is 
also given to illustrate its Adaptability. Calibration curves 
and a mathematical analysis of the differentiating circuit are 
Included. 

nroroimnw JJD APPLICATION: OF T'*H nmio/Ton 

Description and Operation 

The electronic indicator for angular velocity end acceleration, 
a circuit dlagrcm of which Is shown in figure 2, derives its powur 
from the 11'/-volt a-e. line and uses pas-filled and vacuum tubes 
of a common variety. In operation a series of positive voltage 
pulses, proportional to tho speed of the rotating member under 
observation, is applied tc the grid of the thyrntron Vg across 
the resistor H±.    Sseh positive pulno trips the thyratrons V«> 
and Vj, The nverag-; current flowing ti'irough V^ is measured by 
the velocity meter SI*. The voltege developed across  Rg by 
this current is directly proportional to the ntabar of thyratron 
trips per unit tin« and is therefore a measure of the angular 
velocity of th» rotating member, /fter the voltage has been 
filtered >y   Ry, Cß, RJO, and C7, it is applied to the differ- 
entiating circuit C3 and R]£. The voltage appearing across Rj£, 
within the limits to be discussed in the section Mathematical 
Analysis, Is the time derivative of the voltago across ".,). "Hie 
differentiated voltage is amplified by VJj and measured nu a change 
in th • plate current of the amplifying tube by th« acceleration 
meter llj. A reeding less than tero on V2 indicates that the 
rotating member ij decelerating. In figure 2 the meter M? is 
connected to give positive readings of .iecoleration. 

The voltage developed across Rg must be a linear function 
of the angular velocity In order that the same meter reading on 
M2 be obtained for the asm acceleration independent of tho 
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magnitude of the velocity, as »111 be shown In the following sae- 
tlon. Tf the voltage across the plate-load resistor of s thyratron 
Is to bo a linear function of the number of inpulsos applied to the 
grid, thre« conditions mat be fulfilled! 

1. Tho norther of grid impulses and th« number of plate-current 
pulsrs must be In a one-to-one eorrespondanee» 

2. 'in., thyratron must be salf-quenching. 

3. *11 platu-current jnilsos must b* of equal magnitude regard- 
less of th» nature* or frequency of the grid Impulses. 

In order that these three conditions be fulfilled over the range 
of speeds that the Indicator was called upon to meamire (0 to 
WO pulses par ate), two thyratrona were necessary. Tho first 
thyratron V2 Is self-quenching for nearly any shaped pulse snd 
transmits a positive voltage of almost constant magnitude to the 
second thyratron Vj even though the initiating pulses may vary 
somewhat in slse and shap-j. The second thyratron Vj provides a 
plat« currant linear with the frequency of the impulses applied to 
its rrin. 

The t-»o volta(!*-re|rulator tuh»s Vt; and Vg provide constant 
voltage for tne second thyratron Vj and th« amplifying tube 7^. 
These tubes air) materially in rsnderin? 'iv-  velocity scale linear 
and in making the acceleration reading independent of the velocity. 

application 

From the preceding discussion It can be r,een that the source 
of the positive pulses proportional to the velocity of the rotating 
member and applied across   R^   i* immaterial.   The pulses may be 
obtains, for example, from a battery in series with a contactor 
attached to the rotating iwstoer, from a nafj"v:t:>, JT from an 
alternatine-current venerator driven by the rotating member. 

Another means 'it grneratin' .lofitlve pulse? cm be obtained 
by subjecting a photoelectric cell to light pulses from a mirror 
»tat In? with the aenfrer under consideration.    (Se«i flp. 3«)   This 
-jethod, ahlch Is the one used In the application described nerein, 
has the distinctive advantage of placing almost no additional drag 
on the neater in order to secure tue desired voltage pulses, 
taothr-r interesting application of this same method is used with 
the Homier Mr Log described in reference J. 
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l?ATHSM*TICAi, ANALYSIS 

In the circuit uaetl for tho instrument the Mechanical Inertia 
of the velocity net- r is the only factor that limi.tr the indication 
of rapid changes in angular velocity« However, the differenti-iting 
circuit was declined to give the tine rate of change of a voltage 
varying in a manner described by the following equation. 

e • kv k (v0 • at • bt*) (1) 

where 

c 

t 

a, b, Ic 

instantaneous voltage across il(! 

instantaneous velocity 

initial velocity 

tine 

constants 

The voltap! e em be differentiated by i series resistor- 
condenser combination (sne rr-fercner» U) at shown by the following 
analysisi 

Let 

R 

C 

i 

Then 

series resistor aerops which tne diffcrantlntod voltage 
will appear 

serleu c >M ':t-r 

current through H and C 

u - Si • | fi dt - k (jr0 • at • b^) 

when    t • 0,    tnc velocity it constant -u.d the voltage on the 
condencar is eqial to   kv0.    The »olition oj' aquation (2) i« 

i. m kC [a • 2b (t - RC) - (a - 2HCb) c-t/RGJ (3) 

and 
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H-M^l (U) 

The voltage 1R and hence the current 1 should be propor- 
tional to the time derivative of the applied voltage, ^ny departure 
from t>Us proportionality wüst be considered an error in the differ- 
entiating circuit. This error may be computed as follows» 

From equation (2) 

C  dt   dt 

Pivtdinr by   de/dt 

i_ 
C 

de 
dt 

- 1 
dt 

dt 

(?) 

(6) 

„di/dt 
Fron equation (6) it is clear that the expression   frrfrrf   repre- 

sents the fractional error in assuming that   i    is proportion-»l to 
de/dt.    T*\x* from equation (5) 

at 
de 
dt 

('! 

dt 

•MM«. « -T-ss.-or*'""'"""" ""• "* ripht-hand -»»ber of equation H) 

?b1C « (a - ?Mr> c 
-t/RC 

Percentage ?rror • » • ?M 
x 100 ('•' 

In the circuit used the tine constant    ".C   was 1 second.    In 
order that the $<--rcentafe error be email,    b   must b-s mall in 
comparison with   a,    and   t   east be about five times   3C.    If the 
velocity Is in the form given in equation (1), if tha acceleration 
entires slowly with tine, and if acceleration re* tin.*? are not 
taken until aft«-r the, acceleration has been in ;. roarers for it 
least r 3"conds, accurate acceleration readings can be ottalned. 
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3y a similar analysis It can to ahovn that the circuit Is 
suitable for lnftler.tlng acceleration if the Telocity can be rep- 
resented by the following equation: 

T » IXJJ eosti^t (9) 

provided RCtojj la snail In comparison with 1. In this particular 
circuit nc Is equal to 1 and wn must therefore he small in 
conpariaon with 1. 

In order that the meas'irement of the derive tire of the voltage 
developed across S„ he Indicative of the deceleration, a linear 
relation must exist between the velocity and the voltage. To 
Illustrate: 

If 

• 

- 

t . f(e) 

Acceleration dv 
ft 

7n order that de/dt, the quantity measured, be proportional to 
dv/dt, df/de must be a constant. A linear relation between the 
voltage and the velocity must exist for df/de to be a constant. 

OP2RATI0H WITH FOE-BALL WEAR TOP 

The operation of the Indicator with the modified fovr-boll 
wear top is relatively simple. The double-pole, single-throw 
switch (shown In fig. 2 as 

Is closed when the unit Is plugged into the 

The li^t system Is then so adj'.istod that 

throe-pole, two-position switch S? (shown In fig. 2 as So , 

^b» *** a3c) 
117-volt a-c. 11ns. 
the photocell la flooded with liph. wi.rn the mirror is in a favor- 
ablo position. After the optical adjustment has been made, the 
light source la temporarily shut off. Switch Sj, is then closed. 

After the Indicator has "iad several mlr.utos to warn up, switch Sg 
is opened and the meter Mg Is adj' stod to tero by mans of the 
variable resistor Rj^. Switch Sg Is then closed, the light 
source la turned on, and the rotating member Is brought up to 
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The sensitivity control   R|    is advanced from sn extreme 
negative ,-or.ition only sufficiently to git« s steady reading on 
the Telocity Meter   Kt.   The driving torque Is next removed from 
the rotating member and switch   Sj   is opened.    (Switch   S2   had 
been left closed so that the condenser   Cg   might charge more 
quickly through   R^   than through the sum of   Rj,   R^Q,   and 
R12')   After the short initial time period, when the error is 
high, the -miller velocity and deceleration of the rotating member 
are £iv*n by cetera   '\   and   Mj,    respectively» 

During t*w series of lubrication tests that followed the 
development of this instrument* its re,<rodueibllity was frequently 
checked»   The velocity Indications could be reproduced to the 
limit of the meter scale, that is, about O.b percent of full scale* 
The acceleration meter was not so reproducible»   The readings 
varied as mich as 5 percent between different runs at the same 
deceleration» 

Use of the indicator greatly reduced the time required to 
obtain data with the four-hall wear top*   By means of the electronic 
indicator, dat* for a single run could be prepared and plotted in 
20 minutesi whereas 6 hours wera required previously. 

CMJ3R«.TfON OF »TWERS 

The instrument can be calibrated by connecting a variable- 
frequency oscillator to   R^   through a saall coupling condenser. 

•">•. this time   R£,    -minted Inside the chassis, should be so adjusted 
for proper blar on thyratror.   V.   that it trips each tine the thy- 
ratron   Vj   is fired by the cacfllator.   The variable resistor   Rg   '.% 
need not be readjusted until new tubes are installed.   The velocity* 
meter ir calibrated whan a plot of meter '«adln? as a function of 
frequency h«a been «ade, an shorn in fivure.lt,   This relationship 
«irt b.  a straight line. 

Tnn acceleration mt*ar   'Jj   may be calibrated by making a 
typical test run.    kt the rotMine m:«b'.'r char.r.ea its speud, read-' 
in>-s of the two metars rnv taken at definite time Intervals.    By 
m-tan* of ftrurf I» the readings of   Mj   ar* converted into anrwlar- 
vclority values and a curve of velocity as a function of tiae is  , 
plottod.    -i. if  « shows three oirves taken with UK four-ball       •§ 
wear top with thret. different loadinc weights.   The negative accel- 
erations wer« eraphieally determined for eacn time an aoceleretlon- 
*,Ur r adin- was recorded.   These   1»2   readinps were then plotted . 
a^alnrt the .-nraphicallv computed acee orations.   A calibration of • 
«H, acclsration *>t<;r ir showr. In firurs 6* 
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The electronic Indicator obtaii.s angular velocity and secel- 
•ration data without adding appreciable drag to the revolving 
member.   The tlae required for preparing and plotting the data for 
a single run ia about 20 minutes.   In a nuaber of teat runs with 

- the four-ball wear top the instrument readings ware reproducible 
to 0.1« percent ol full scale on the velocity indicator and to 
*5 percent on the acceleration mater. 

Aircrart fti£lne Hrsearch laboratory. 
National Advisory Committee for Aeronautics, 

Cleveland, Ohio. 
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»re 

Figur* 2. Circuit diagram of the electronic Indicator for 
angular velocity and acceleration. All resistors 
except R7 are 2 uotts; R7 Is 10 votts. 
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